Abstract: Mercury detection in water has attracted a lot of research interest due to its highly toxic nature and adverse environmental impact. In particular, the recent discovery of specific binding of Hg (II) to thyminerich DNA resulting in T-Hg (II) -T base pairs has led to the development of a number of sensors with different signaling mechanisms. However, majority of such sensors were nonimmobilized. Immobilization, on the other hand, allows active mercury adsorption, signal amplification, and sensor regeneration. In this work, we immobilized a thymine-rich DNA on a magnetic microparticle surface via biotin-streptavidin interactions. In the presence of Hg (II) , the DNA changes from a random coil structure into a hairpin, upon which SYBR Green I binds to emit green fluorescence. Detection was carried out using flow cytometry where fluorescence intensity increased ~9-fold in the presence of mercury and the binding of mercury reached equilibrium in less than 2 min. The sensor showed a unique samplevolume dependent fluorescence signal change where a higher fluorescence was obtained with a larger sample volume, suggesting that the particles can actively adsorb Hg (II) . Detection limits of 5 nM (1 ppb) and 14 nM (2.8 ppb) were achieved in pure buffer and in mercury spiked Lake Ontario water samples, respectively.
Introduction
Mercury is a highly toxic and bioaccumulative heavy metal [1, 2] leading to immunological disorders, kidney damages, neurological and other chronic diseases upon long-term exposure. [3, 4] There are a number of natural and human related sources that introduce mercury and its derivatives into the environment. [3] Thousands of tons of mercury is released each year and eventually enters the natural water resources of the world. Therefore, mercury poses a worldwide threat to public health and the environment, and detection of mercury in water has attracted a lot of research interest. [1, 5] There are a number of analytical techniques developed with exceptional sensitivity for mercury detection, including various types of spectrometry, voltammetry, and chromatography. [5] However, many of these methods require complicated sample preparation and sophisticated instrumentations. An alternative approach towards mercury detection is to develop portable sensors. [1] Such sensors have been designed for mercury detection in water using small molecule chelators, [6] [7] [8] proteins, [9, 10] conjugated polymers, [11] nanoparticles, [12] and genetically modified cells. [13] Some of the sensors have been used for the detection of mercury in environmental and biological samples. [8, [14] [15] [16] [17] In 2004, a mercury sensor based on a thymine-rich singlestranded (ss) DNA was first reported. [18] While thymine binding to mercury has been known for a long time, [19, 20] this study was the first attempt to use a thymine-rich DNA for mercury detection. Since then, this DNA-based mercury recognition mechanism has been used to design many fluorescent, [16, 17, [21] [22] [23] [24] [25] colorimetric, [11, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] and electrochemical sensors. [36] Currently, detection limits in the low nanomolar range can be reached. Therefore, in principle such sensors can be used for mercury analysis in water, where, according to the US Environmental Protection Agency (EPA), the toxic limit for mercury in drinking water is10 nM or 2 parts-per-billion (ppb).
Majority of the reported mercury sensors were freely dispersed in solution for a proof-of-concept. Sensor immobilization, on the other hand, offers many potential advantages including sensor regeneration, mercury adsorption/enrichment, and signal amplification. Among the various materials available for immobilization, we chose magnetic microparticles (MMPs) because it has a large surface area allowing a high DNA immobilization density. At the same time, flow cytometry can be used for the analysis of particle fluorescence. Furthermore, MMPs can be easily collected with a magnet, allowing mercury enrichment and sensor regeneration to be conveniently carried out. MMPs have been used 2 for the detection of DNA, [37, 38] small molecules, [39] toxins, [40] proteins, [41] [42] [43] and cells. [44] For most of the assays, covalent fluorophore labeling was required for fluorescence generation.
Herein, we demonstrate highly sensitive and selective mercury detection using thymine-rich DNA-functionalized MMPs, where no covalent fluorophore attachment is required. The sensor shows a unique sample volume dependent signal change, confirming the ability of mercury enrichment on the particle surface. The sensor performance has been systematically characterized in pure buffer solutions and in Lake Ontario water samples. Finally, sensor regeneration was demonstrated. With portable flow cytometers becoming available, such bead-based assays are likely to have important environmental and analytical applications. [45, 46] Results and Discussion MMP-based Hg (II) Detection. The sequence of mercury binding DNA is shown in Figure 1A . This DNA has been widely used for mercury detection since its first report in 2004. [18] Each DNA contains seven hypothetic mercury binding sites. In the presence of Hg (II) , the DNA folds into a hairpin structure; while in the absence of Hg (II) , it has a random coil structure. The original design took advantage of the end-to-end distance change of the DNA upon Hg (II) binding and fluorescence energy transfer was employed for signal generation. [18] Being highly sensitive, the need for covalent fluorophore/quencher modification makes the cost of synthesis very high. We chose to use DNA intercalation dyes such as SYBR Green I for signal generation to omit the need for covalent DNA modification ( Figure 1A) . [23] In the presence of Hg (II) , SYBR Green I binds to the double-stranded region of the DNA through intercalation and minor groove binding 17 to generate a strong fluorescence. In the absence of Hg (II) , the dye binds to the ssDNA through electrostatic interactions with a much lower affinity, giving a very low fluorescence background. As shown in Figure 2A , with a DNA concentration of 15 nM and SYBR Green I concentration of 90 nM, there is a 14-fold fluorescence enhancement upon addition of 100 nM Hg (II) . The 5-end of the DNA was modified with a biotin (denoted as white dots) to bind to streptavidin coated 2.8 m diameter MMPs. The functionalized MMPs can enrich mercury and generate a highly fluorescent particle that can be analyzed using flow cytometry. 100 nM for both samples. SYBR Green I was not added to the beads alone sample but to the other two samples. The x-axis is the fluorescence intensity in the FAM channel on the log scale, and the y-axis is the number of MMPs at each fluorescence intensity. The buffer used for all of the samples contained 150 mM NaNO3, 8 mM Tris-nitrate, pH 7.5.
To immobilize DNA on a streptavidin coated MMP, the DNA was biotinylated on the 5-end and the detection was achieved using flow cytometry ( Figure 1B ). Flow cytometry is a commonly used technique, which employs fluorescence and light scattering for analyzing microparticles and cells one-by-one. However, its application in environmental monitoring has not been well developed. With portable flow cytometers becoming available, [47, 48] this type of platform will find important applications in analysis of water or other types of environmental samples.
Under our experimental conditions, the DNA-functionalized MMPs showed a weak fluorescence peak at ~4.0 ( Figure 2B , solid gray curve). With the addition of SYBR Green I, the peak intensity increased slightly to ~8.0. After adding 100 nM of Hg (II) , the peak shifted to ~80, which corresponds to a ~9-fold fluorescence enhancement. Such a strong fluorescence increase supports that this MMP-based sensor can also be used for highly sensitive mercury detection. To confirm that the observed fluorescence change was indeed due to the proposed DNA binding as shown in Figure 1A , a control experiment was designed. Another biotinylated DNA (but not thymine rich) was immobilized and tested. As shown in Figure  2C , very little fluorescence increase was observed in the presence of Hg (II) , suggesting that the observed fluorescence shift in Figure 2B was due to DNA sequence specific binding of Hg (II) instead of artifacts due to immobilization.
Sample Volume Dependent Signal. For non-immobilized sensors, the sensor signal is usually limited by the analyte concentration. After immobilization, each MMP carries millions of DNA strands and can actively and selectively adsorb mercury. In particular for MMPs, they can be easily collected using a magnet. Therefore, MMPs may increase signal and sensitivity by simply using a larger sample volume. For most environmental monitoring applications, a large sample volume can usually be achieved. To test this, sample volumes from 0.05 to 3 mL were used, all containing 20 nM Hg (II) . As shown in Figure 3A , the fluorescence histogram shifted to higher fluorescence with an increase of sample volume, suggesting that more Hg (II) was associated with each particle. If the average fluorescence intensity is plotted ( Figure 3B ), a linear increase from 0.05-1.5 mL was observed. Furthermore an increase of sample volume did not increase the signal further. Therefore, 1.5 mL was chosen for further testing of the sensor performance. The data were fit using two lines that intersect at 1.5 mL. The standard deviations from three independent samples are represented by the error bars.
Kinetics of Hg
(II) Binding. One of the important factors for sensing is the kinetics of signal change. Since the DNA was immobilized, the kinetics of fluorescence change might be slower due to diffusion of Hg (II) to the particle surface. To understand this, we mixed 1 L of the functionalized MMPs with 1.5 mL of 50 or 100 nM Hg (II) for a time ranging from 2 min to 1 hr. After that, SYBR Green I was added and the beads were analyzed using flow cytometry. As shown in Figure 4 , a stable signal was generated in the first 2 min, which was the shortest time achievable using the manual operations. It has been previously reported that the binding kinetics between an nonimmobilized thymine-rich DNA and mercury is instantaneous and a stable signal can be achieved within several seconds. [16] Therefore, immobilization on MMPs does not appear to adversely affect the signaling generation kinetics. In the time scale practical for this immobilized sensor, the response was also very fast and stable. This study also shows that a high Hg (II) concentration gave a higher fluorescence, allowing quantitative mercury detection. It needs to be pointed out that the result from flow cytometry analysis is largely independent of the number of particles counted as long as the particle number is sufficiently high. In this study, we count at least 15,000 particles for each sample, which takes about 30 sec.
Sensitivity and Selectivity.
To test the sensitivity of this immobilized mercury sensor, the sensor beads were mixed with various concentrations of Hg (II) and analyzed using flow cytometry. As Hg (II) concentration was increased, a gradual shift of the fluorescence peak was observed before the signal reached saturation at ~100 nM ( Figure 5A ). If the average fluorescence is plotted, a linear relationship is obtained up to 100 nM Hg (II) ( Figure 5B). At even higher Hg (II) concentrations, the signal became saturated. A detection limit of 5.0 nM Hg (II) was achieved using the 3σ/slope calculation. This sensitivity is among the highest from all of the reported Hg (II) sensors. In addition, this dynamic range covers EPA established drinking water toxic level of 10 nM Hg (II) . Interestingly, the non-immobilized sensor with the same signaling mechanism has a detection limit of 1.33 nM, [23] suggesting that the sensor performance has been largely maintained after immobilization. (II) concentration. The data from 0 to 100 nM were fit to a line for calculating the detection limit.
As specified by the vendor, ~1.8  10 6 biotinylated ssDNA can be immobilized on the surface of each particle. Using a fluorescently labeled biotinlylated DNA containing 37 nucleotides (37-mer), we previously achieved a density of ~1.2  10 6 DNA per particle. [39] Since this Hg (II) binding DNA contains only 22 nucleotides, the density should be even higher. Assuming that all of the binding sites are saturated by the DNA (e.g. 7 Hg (II) ions for each DNA), 1 L MMPs (~6.5  10 5 particles) can bind ~8  10 12 Hg (II) . This is equivalent to 9 nM Hg (II) in a volume of 1.5 mL. However, our result showed that fluorescence signal saturated only in the presence of 100 nM Hg (II) . This suggests that the binding between the DNA and Hg (II) is not quantitative in our system. We next tested the selectivity of this detection method. As shown in figure 6A , only Hg (II) showed a large fluorescence shift in the flow histogram at a concentration of 100 nM. All of the other metal ions showed a signal close to the blank sample where no additional metal ions were added ( Figure 6B ). The data suggests that the high selectivity of the DNA was not compromised due to immobilization. We further tested the sensor response with 100 nM Hg (II) in the presence of 10,000-fold excess of Mg (II) and Ca (II) (1 mM each) and 1000-fold excess of other metal ions (100 M each). As shown in Figure 6C , only Fe (III) and Ag (I) interfered with the detection by quenching the fluorescence. For all of the other metal ions, responses similar to that of Hg (II) alone were observed. Detection in Lake Ontario Water. To evaluate the sensor performance in an environmental sample, Lake Ontario water samples were tested. Since there is no Hg (II) in the water samples as analyzed by ICP-MS, Hg (II) was added for measurement. As can be seen from Figure 7 (solid dots), the samples showed a Hg (II) -dependent fluorescence shift. The background fluorescence in the absence of mercury, however, was higher compared to that in the buffer. We calculated a detection limit of ~14 nM Hg (II) in the Lake Ontario water samples. This sensitivity was slightly lower in comparison to the value in the pure buffer solution (5 nM). We also found that the slope of the two sensitivity curves were quite similar (0.43 and 0.39 fluorescence unit/nM Hg (II) for pure buffer and lake water, respectively). The main difference that brought the detection limit down for the lake water sample was the background variation. Since the background was higher for the lake water, its variation was also larger. To test the origin of the high background fluorescence in the absence of mercury, we mixed DNAfunctionalized MMPs with the lake water (without added Hg (II) or SYBR Green). No fluorescence increase was observed ( Figure 7B) , suggesting that the observed background fluorescence was not due to adsorption of fluorophores in the lake water. Natural water samples such as Lake Ontario can contain high concentrations of various metal ions such as Ca (II) and Mg (II) . In the case of Lake Ontario, 0.36 mM Mg (II) and 0.84 mM Ca (II) was present in the water in 2008. [49] To further understand the behavior of our sensor in the presence of high concentrations of these metal ions, we mixed the sensor with buffers containing these metals. As shown in Figure 7C , there is a concentration dependent fluorescence increase up to 0.5 mM Mg (II) , at which a fluorescence value of ~18 was observed. A similar trend was also observed for Ca (II) . Therefore, the presence of these metal ions in the Lake water may explain the observed high background fluorescence. Mg (II) or Ca (II) is not known to have specific interactions with thymine bases. Therefore, we attribute the observed fluorescence increase to electrostatic binding between these metal ions to the DNA phosphate backbone, which folds DNA into a more compact structure resulting in SYBR Green 1 interacting more strongly with the DNA. Interestingly, a further increase of these metal ions resulted in decreasing the fluorescence, possibly due to quenching of the SYBR Green I dye. [50] Even with 0.5 mM Mg (II) , the fluorescence was still less than half of that with 100 nM Hg (II) . Therefore, the selectivity for Hg (II) was still over 10,000-fold higher for Hg (II) .
Sensor Regeneration. Since mercury recognition and signal generation in our system was based on reversible binding interactions, the sensor can be regenerated by simply removing Hg (II) . We chose to use EDTA for mercury removal the MMPs were collected with a magnet. As shown in Figure 8 , the MMPs showed a high fluorescence upon Hg (II) addition. After incubating with 1 mM EDTA for 20 min and washing three times with buffer, the fluorescence shifted back to the background level. This indicates that Hg (II) was completely removed and the sensor was regenerated. This process was repeated for five cycles and the sensor maintained its mercury detection ability after each regeneration step, suggesting that the conjugation between DNA and MMP was very stable and can survive repeated washing processes. 
Conclusion
In summary we have immobilized a DNA-based fluorescent mercury sensor on MMPs and used flow cytometry for detection purposes. We have explored the various features of the sensor that was made possible through immobilization. For example, this sensor showed a unique sample volume dependent response, fast and stable signal change, regeneration, and high sensitivity and selectivity. It is also possible to achieve mercury detection in natural water samples, and potential interfering ions have been identified. With the development of portable flow cytometers, such magnetic microparticle-based assays will find more applications in environmental monitoring and analytical chemistry.
Experimental Section
Materials. The DNA samples were purchased from Integrated DNA Technologies Inc. (Coralville, IA, USA). The Hg (II) binding DNA has a sequence of 5-biotin-TTCTTTCTTCCCCTTGTTTGTT. The control DNA sequence is 5-biotin-ATCATCATCATCATCGTCAAGAATGCTGACC. Streptavidin-coated 2.8 μm Dynabeads (M-270) and 10000 SYBR Green I in anhydrous dimethyl sulfoxide (DMSO) were purchased from Invitrogen (Carlsbad, CA). Mercury chloride, copper sulfate, zinc chloride, manganese chloride, iron chloride, cobalt chloride, lead acetate, magnesium chloride, and calcium chloride were acquired from Sigma-Aldrich (St. Louis, MO). Sodium nitrate, ethylenediaminetetraacetic acid (EDTA) and tris(hydroxymethyl) aminomethane (Tris) were obtained from Mandel Scientific (Guelph, Ontario, Canada). All buffers and solutions were prepared using Millipore water.
DNA Conjugation. Vendor's recommended protocols were followed for DNA conjugation. The preservatives on the MMPs were removed with 2 binding & washing (B&W) buffer (10mM Tris-HCl, pH7.5, 1 mM EDTA, and 2M NaCl) and were temporarily stored in 1 B&W buffer. For DNA conjugation, slight excess of DNA was used to ensure the entire surface of the MMPs were saturated with DNA. Specifically, 3 μL of 1 μM biotinylated Hg (II) DNA was coupled with 1 μL of MMPs at room temperature for 20-30 min. Excess of DNA was removed with the help of a magnet. The DNA coated MMPs were then washed with 1 B&W buffer (3  50 μL) and buffer A (150 mM NaNO3, 8 mM Tris-nitrate, pH 7.5, 3  50 μL).
Hg
(II) Detection. 1 μL of functionalized MMPs was reacted with various amount of Hg (II) in 1.5 mL of buffer A at room temperature for ~1 hr. The buffer volume was reduced to 50 μL before 2 μL of 25 concentrated (50 μM) SYBR Green I was added. Subsequently, 250 μL of the incubation buffer was reintroduced to each sample tube to give a final total volume of 300 μL prior to flow cytometry analysis. The fluorescence was then measured with a BD FACSVantage SE flow cytometer. At least 15000 events were counted for each sample.
Volume Dependent and Kinetic Studies. For volume dependent studies, the sensor particles were incubated in various volumes of buffer A, all containing 20 nM of Hg (II) for ~1 hr. For kinetic studies, the sensor was incubated in 1.5 mL buffer A with 50 or 100 nM Hg (II) . The fluorescence was measured with the flow cytometer at designated time points.
Sensor Regeneration. To regenerate the sensor after the addition of 100 nM Hg (II) , the functionalized MMPs were soaked in 1.5 mL of 1 mM EDTA for at least 20 min. The EDTA solution was then discarded and the MMPs were further washed with buffer A (3  100 μL).
Detection of Hg
(II) in Lake Ontario Water Samples. Lake Ontario water samples were collected from Colonel Samuel Smith Park in Toronto, Ontario, Canada. Since the result of ICP-MS analysis showed no detectable mercury, Hg(ClO4)2 was added to simulate contaminated natural water source. Other operations were the same as that in the pure buffer solutions.
